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Caspases are executioners of apoptosis but also
participate in a variety of vital cellular processes.
Here, we identified Soti, an inhibitor of the Cullin-3-
based E3 ubiquitin ligase complex required for cas-
pase activation duringDrosophila spermatid terminal
differentiation (individualization). We further provide
evidence that the giant inhibitor of apoptosis-like
protein dBruce is a target for the Cullin-3-based
complex, and that Soti competes with dBruce for
binding to Klhl10, the E3 substrate recruitment
subunit. We then demonstrate that Soti is expressed
in a subcellular gradient within spermatids and in turn
promotes proper formation of a similar dBruce
gradient. Consequently, caspase activation occurs
in an inverse graded fashion, such that the regions
of the developing spermatid that are the last to indi-
vidualize experience the lowest levels of activated
caspases. These findings elucidate how the spatial
regulation of caspase activation can permit cas-
pase-dependent differentiation while preventing
full-blown apoptosis.
INTRODUCTION
Programmed cell death is one of the most fundamental
processes in biology (Raff, 1998; Gilbert, 2001). A morphologi-
cally distinct form of this active cellular suicide process, dubbed
apoptosis, serves to eliminate unwanted and potentially
dangerous cells during development and tissue homeostasis in
virtually all multicellular organisms (Jacobson et al., 1997; Tittel
and Steller, 2000; Baehrecke, 2002; Yin and Thummel, 2005).
Members of the caspase family of proteases are the central
executioners of apoptosis. Caspases start off as inactive proen-
zymes and are activated upon proteolytic cleavage by other
caspases (Salvesen and Riedl, 2008). Apoptotic caspases can
also participate in a variety of vital cellular processes, including
differentiation, signaling, and cellular remodeling (for review,
see Kuranaga and Miura, 2007; Yi and Yuan, 2009; Feinstein-
Rotkopf and Arama, 2009). However, the mechanisms that
protect these cells against excessive caspase activation and
undesirable death have remained obscure.160 Developmental Cell 19, 160–173, July 20, 2010 ª2010 Elsevier InIn both insects and mammals, spermatids eliminate their bulk
cytoplasmic content as they undergo terminal differentiation. In
Drosophila, an actin-based individualization complex (IC) slides
caudally along a group of 64 interconnected spermatids,
promoting their separation from each other and the removal of
most of their cytoplasm and organelles into a membrane-bound
sack called the cystic bulge (CB), which is eventually discarded
as a waste bag (WB) (Tokuyasu et al., 1972; Fabrizio et al., 1998)
(see also Figure 2C). This vital process, known as spermatid
individualization, is reminiscent of apoptosis and requires
apoptotic proteins including active caspases (Arama et al.,
2003; Huh et al., 2004; Arama et al., 2006; Muro et al., 2006).
However, the mechanisms that restrict caspase activation in
spermatids, as opposed to their full-blown activation during
apoptosis, are poorly understood.
Recently, we described the isolation of a Cullin-3-based E3
ubiquitin ligase complex required for caspase activation during
spermatid individualization (Arama et al., 2007). Ubiquitin E3
ligases tag cellular proteins with ubiquitin, thereby affecting
protein localization, interaction, or turnover by the proteasome
(Glickman and Ciechanover, 2002; Chen and Sun, 2009). The
Cullin-RING ubiquitin ligases (CRLs) comprise the largest class
of E3 enzymes, conserved from yeast to human. Cullin family
proteins serve as scaffolds for two functional subunits: a catalytic
module, composed of a small RING domain protein that recruits
the ubiquitin-conjugating E2 enzyme, and an adaptor subunit
which binds to the substrate and brings it within proximity to
the catalytic module (Petroski and Deshaies, 2005). In Cullin-3-
based E3 ligase complexes, BTB-domain proteins interact with
Cullin-3 via the eponymous domain, while they bind to sub-
strates through additional protein-protein interaction domains,
such as MATH or Kelch domains (Pintard et al., 2004). A large
body of evidence indicates that substrate specificity and the
time of ubiquitination are determined by posttranslational modi-
fications of the substrates and the large repertoire of the adaptor
proteins (Petroski and Deshaies, 2005). In addition, the Cullins
themselves are subject to different types of posttranslational
regulation.Most notably, they are activated by a covalent attach-
ment of a ubiquitin-like protein Nedd8 (Wu et al., 2006; Bosu and
Kipreos, 2008; Merlet et al., 2009).
Here, we identify a small protein called Soti that specifically
binds to Klhl10, the adaptor protein of a Cullin-3-based E3
ubiquitin ligase complex required for caspase activation during
the nonapoptotic process of spermatid individualization. We
show that Soti acts as a pseudosubstrate inhibitor of this E3
complex and that inactivation of Soti leads to elevated levels ofc.
Figure 1. The Substrate Recruitment Protein
Klhl10 Binds to Soti in Yeast and S2 Cells
(A) Schematic representation of the Klhl10 protein
showing the relative locations of the BTB, BACK, and
Kelch domains, which are depicted by thick bars. Stars
depicting the locations of the different mutations are
color-coded to correspond to the colored mutant Klhl10
alleles in (B).
(B) A yeast growth assay on selective media plates was
used to assess the interaction of Soti with wild-type or
three mutant versions (see also in A) of Klhl10. Yeast colo-
nies which contain both the bait and pray vectors can grow
on a medium lacking tryptophan and leucine (2), while
protein-protein interaction events are revealed by the
growth on a medium that also lacks histidine and adenine
(4). Four different concentrations of the plated yeast
colonies are shown in a descending order from left to right.
(C) S2 cells were cotransfected with Myc-tagged Klhl10
and either Soti-EGFP or CD8-GFP (control) constructs.
Anti-GFP Ab was used to immunoprecipitate the Soti
complex, while the presence of Klhl10 was detected using
anti-Myc Ab. Pre-incubated lysates are shown to the right
(Input).
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zation defects in spermatids. Furthermore, we demonstrate
that the giant inhibitor of apoptosis (IAP)-like protein dBruce is
targeted by this E3 complex and that this effect is antagonized
by Soti. Finally, immunofluorescence studies reveal that Soti is
expressed in a distal-to-proximal gradient, which promotes a
similar distribution of dBruce in spermatids. Consequently, acti-
vation of caspases is restricted in both space and time, display-
ing a proximal-to-distal complementary gradient at the onset of
individualization.
RESULTS
The Small Protein Soti Specifically Interacts
with Klhl10 in Yeast and S2 Cells
To study the Cullin-3-dependent pathway for caspase activation
in spermatids, we conducted a yeast two-hybrid screen to iden-
tify potential binding partners for the BTB and Kelch domain-
containing protein, Klhl10. Since full-length Klhl10 produces
transactivation by itself, a truncated version of this protein
(amino acids 188–767) that lacks the BTB domain was used as
bait to screen a library of adult Drosophila cDNAs (Figure 1A;
see also Experimental Procedures). About one-third of the
positive cDNA clones correspond to a gene called scotti (soti;Developmental Cell 19FlyBase gene CG8489), which encodes a small
147 aa protein of unknown function and without
any known domains.
Given our previous findings that specific point
mutations altering conserved amino acid resi-
dues in the Kelch domain of Klhl10 block
effector caspase activation and spermatid indi-
vidualization (Figure 1A) (Arama et al., 2007), we
asked whether these mutations may also affect
the interaction with Soti. For this, we examined
interactions between Soti and three different
mutant versions of Klhl10 in yeast. WhileKlhl10 with an intact Kelch domain readily binds to Soti, as indi-
cated by the yeast growth on selective media, this interaction is
completely abrogated by each of the three point mutations
(Figure 1B; the colored Klhl10mutants correspond to the colored
stars in Figure 1A). Therefore, Soti may be a physiologically
relevant interactor protein of the Klhl10-Cul3 complex.
To further confirm the physical interaction between Klhl10 and
Soti, coimmunoprecipitation (co-IP) assays were performed
using S2 cells and different expression vectors of these proteins.
We found that Klhl10 is present in Soti immunoprecipitates
(Figure 1C). Inversely, Soti was coprecipitated with Klhl10 in
a reciprocal experiment (see Figure S1A available online). Finally,
both Klhl10 and Cul3Testis were coprecipitated with Soti (Fig-
ure S1B). We conclude that Soti is a specific interactor of the
Klhl10-Cul3 complex.
soti Mutant Spermatids Display Elevated Levels
of Active Effector Caspase and Progressive
Defects during Spermatid Individualization
To explore the role of Soti in spermatids, we first generated soti
null mutants by imprecisely excising a P{XP} element inserted
468 bp upstream to the soti transcriptional start point (Figure 2A).
One of the excised lines, sotisik, contains a 1393 bp deletion
comprising the entire promoter and coding regions of soti and, 160–173, July 20, 2010 ª2010 Elsevier Inc. 161
Figure 2. soti Mutant Spermatids Exhibit an Elevated Level of Active Effector Caspase and Progressive Individualization Defects
(A) A scheme of the genomic organization of the soti locus where thick bars indicate the single exon while thin lines represent genomic sequences. Solid and open
bars depict coding region (ORF) and UTRs, respectively. The relative location of the P-element insertion used for imprecise excision is shown with an inverted
triangle. The deleted region in the sotisik allele is flanked by braces.
(B) A genomic PCR experiment for amplifying the soti locus from wild-type (WT) and the sotisik mutant flies using the primers that are depicted by arrows in (A).
Flies with the original 7.3 kb long P{XP} insertion were used for negative control.
(C) Schematic diagram showing four elongated spermatid cysts at increasingly advanced developmental stages (from left to right) during the individualization
process. The individualization complex (IC) is in red, nuclei in blue, and active caspases in green. The advancing cystic bulge (CB) collects the spermatids’ cyto-
plasm and most of the organelles and eventually is pinching off from the base of the cyst and discarded as a waste bag (WB).
(D) The proximal region of a single wild-type spermatid cyst during the individualization process stained with anti-cleaved caspase-3 antibody (green), phalloidin
which labels the IC, and DAPI to visualize the nuclei (blue). The CB is marked with an asterisk, the postindividualized region of the spermatids is shownwith yellow
arrowheads, and the preindividualized region is shown with white arrowheads. Scale bar, 25 mm.
(E and F) Elongated spermatids from wild-type (E) and sotisikmutant (F) males were stained with anti-cleaved caspase-3 antibody (green), phalloidin which labels
the actin-based investment cones of the IC and also counterstains the spermatids (red), and DAPI to visualize the nuclei (blue; the wild-type image in E does not
extend to the nuclear region). The red channel in (F) is also shown in (F0 ). The spermatid cysts are oriented as in (C). CBs and WBs in wild-type and the corre-
sponding structures in the sotisik mutants are marked with yellow and white asterisks, respectively. Yellow arrowheads are pointing at the postindividualized
regions of the spermatids. Scale bar, 50 mm.
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sotisik or in trans to a deletion that covers the soti locus were
viable, female fertile, but male sterile (data not shown).
Our previous genetic data suggest that the normal function of
the Cullin-3-based complex in the testis is required for caspase
activation and spermatid individualization (Arama et al., 2007).
If the interaction of Soti with this complex bears physiological162 Developmental Cell 19, 160–173, July 20, 2010 ª2010 Elsevier Inrelevance in vivo and Soti indeed serves as substrate or regulator
of this complex, we would expect that inactivation of soti would
cause individualization defects and affect the level of caspase
activation in spermatids. To explore this possibility, sotisikmutant
testesweredissectedandstained to visualizeactive effector cas-
pases, the individualization complex (IC), and the spermatids’
nuclei. Although sotisik/ spermatids exhibited no gross defectsc.
Figure 3. Klhl10 Is Required for Soti Stabilization
(A–C) Soti protein levels were assessed by western
blotting of protein extracts from dissected testes of the
indicated genotypes, using the anti-Soti antibody.
b-tubulin protein levels served as loading control. (B–D)
Transgenic rescue experiments were performed using
the rescue constructs depicted in (D), in the background
of either sotisik homozygous mutants (B) or klhl103 and
sotisik double homozygous mutants (C). (D) Schematic
structures of the rescue constructs for sotisik/ male
sterile flies. All constructs are composed of the soti
promoter region (dark blue) and 50 UTR (light blue) that
were fused upstream of the coding regions (ORFs) of
either soti (tr-soti), a lysine-less soti (tr-soti3KR), or
N-terminal 6xmyc tagged (orange) soti (tr-myc-soti) or
soti3KR (tr-myc-soti3KR), followed by the 30 UTR of soti (light
blue). The red stars depict the locations of the three lysines
that were converted to arginines.
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shown), severe defects were observed during spermatid individ-
ualization, and as a consequence, mature sperm were not
accumulated in the seminal vesicle (data not shown). These
mutant spermatids displayed an overall elevated level of active
effector caspases when compared with their wild-type counter-
parts (compare Figures 2E and 2F). Furthermore, whereas the
spermatids’ cytoplasmic contents (including the active effector
caspases) are normally removed from the postindividualized
portions of the spermatids into the cystic bulge (Figure 2C and
yellowarrowheads in Figures 2Dand 2E), in sotisikmutants, cystic
bulges were remarkably flat due to a significant amount of cyto-
plasm which was left behind, in what was supposed to have
been the postindividualized region of the spermatids (yellow
arrowheads following trails of residual cytoplasm in Figure 2F;
asterisks in Figures 2F and 2F0 mark the position of some
advanced ICs).
Notably, the advancement of the IC toward the tail end of
the spermatids was accompanied by a gradual increase in the
severity of the observed individualization defects, such that
eventually all the ICs arrested around the final quarter of the
spermatids’ tails, exhibiting scattered investment cones and
failure to generate mature waste bags (arrested ICs are marked
by whites asterisks in Figures 2F and 2F0; a wild-type waste bag
is denoted by white asterisk in Figure 2E). We conclude that Soti
functions to inhibit caspase activation in spermatids and that itsDevelopmental Cell 19, 160–173, July 20, 2010 ª2010 Elsevier Inc. 163t
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iaction is crucial for the proper removal of
the spermatids’ cellular contents during the
process of individualization.
Soti Is Not a Target for Proteolysis
by the Klhl10-Cul3 Ubiquitin Ligase
Complex
We next investigated whether Soti is targeted
for ubiquitination-mediated degradation by the
Klhl10-Cul3 complex by assessing the level of
the Soti protein in mutants of this complex.
For this, a specific polyclonal antibody was
raised against full-length Soti and its specificity
was tested by western blot analysis. A 17 kDaband of Soti was detected in wild-type but not in testis extracts
from sotisik/ flies, confirming the specificity of this antibody
(Figure 3A). Unexpectedly, however, although about a 2.5-fold
increase in the level of Soti was observed in the cullin-3 mutan
(cul3mds1), Soti was nearly absent from the klhl10 mutant testes
(Figure 3A). Similar observations were made using whole-moun
immunofluorescence staining of mutant testes (Figures S2A–
S2D). Furthermore, when cotransfected into S2 cells, Soti was
less stable in the absence of Klhl10 (Figure S1A, compare lane
2 marked with an asterisk and lanes 3 and 4 in the anti-Sot
blot in the ‘‘Input’’). Therefore, not only is Soti not a target fo
proteolytic degradation by the Klhl10-Cul3 complex, but in
fact, Soti is stabilized in the presence of Klhl10.
Soti Is Degraded by a Noncanonical Pathway during
Spermatogenesis
The fact that Soti protein level is elevated in the cullin-3 mutan
spermatids suggests that Soti levels are regulated by eithe
a direct or an indirect Cullin-3-dependent mechanism during
normal spermatogenesis. We investigated these possibilities
by substituting the expression of the endogenous soti with
transgenic expression of nonubiquitinatable counterparts, which
were inserted at a defined site of the Drosophila genome
(Figure 3D; Experimental Procedures). To block the canonica
ubiquitination pathway which occurs on internal lysine residues
(Glickman and Ciechanover, 2002), a lysine-less form of Sot
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verted to arginines (tr-soti3KR; Figure 3D). We also generated
two additional forms of Soti that contain 6xMyc tags fused to
the N termini of wild-type or lysine-less Soti (tr-myc-soti and
tr-myc-soti3KR, respectively), in order to attenuate noncanonical
degradation pathways, such as N-terminal ubiquitination or
degradation ‘‘by default’’ (Breitschopf et al., 1998; Bloom et al.,
2003; Asher et al., 2006).
Each transgenic line was crossed to sotisik flies and the ability
to express similar protein levels as that of the endogenous Soti
and to rescue the male sterility phenotype was tested and
confirmed for all of these transgenes (compare tr-soti with
wild-type [yw] in Figure 3B; Figures S2E–S2H). To our surprise,
the level of the lysine-less form of Soti was indistinguishable
from that of the intact transgenic form (Figure 3B). In contrast,
an approximate 2.5-fold increase above the level of the intact
transgenic form was detected with the Myc-tagged forms of
Soti, indicating that Soti is normally targeted for degradation
by a noncanonical pathway (Figure 3B). Likewise, when soti
and klhl10 were both inactive, the intact and lysine-less forms
of Soti were almost completely degraded, while the Myc-tagged
Soti was markedly stable (Figure 3C; also compare with
Figure 3B). We conclude that normal degradation of Soti during
spermatogenesis is mediated by a noncanonical pathway
stimulated by the release of Soti from Klhl10.
It is well established that adaptor proteins are often unstable
and undergo proteasome-mediated degradation as a result of
autoubiquitination when linked to the CRL complex (for review,
see Bosu and Kipreos, 2008). Therefore, the observed elevation
in the level of Soti in cullin-3 mutant spermatids (Figure 3A) may
be attributed to a reduction in autoubiquitination anddegradation
of Klhl10 in this mutant, which in turn binds to and further stabi-
lizes Soti. To test this possibility, a ubiquitination assay was per-
formed in S2 cells using anHA-taggedKlhl10 and components of
the Cullin-3-based complex, Cul3Testis (Arama et al., 2007) and
the somatic RING-domain protein Roc1a (Donaldson et al.,
2004) (Figure S2I). Low level of HA-Klhl10 ubiquitination was
already detected even without cotransfection of additional
components of the Cullin-3-based complex (lane 2). This ubiqui-
tination is due to the presence of endogenous Cullin-3, since
coexpression of a dominant-negative mutant form of Cul3Testis,
which lacks the CHD domain and hence cannot bind to
the RING protein, markedly attenuated this effect (lane 6).
Cotransfection of wild-type Cul3Testis and Roc1a resulted in
even stronger HA-Klhl10 autoubiquitination (lane 4), which was
not affected by the coexpression of Soti (lanes 3 and 5). Collec-
tively, these results suggest that Klhl10 is normally autoubiquiti-
nated and that Soti does not interfere with this activity.
SotiActsUpstreamof, andGenetically Interactswith, the
Cullin-3-Based Ubiquitin Ligase Complex in Spermatids
Our findings that Soti can physically interact with the Cullin-3-
based complex and that inactivation of these genes results in
essentially opposing phenotypes (e.g., elevation versus abroga-
tion of caspase activation, respectively) suggest that these
componentsmay function in a common pathway but in an antag-
onistic mode of action. To investigate the mechanistic relation-
ship between Soti and this E3 complex, we first performed
genetic epistasis experiments to determine which of the mutant164 Developmental Cell 19, 160–173, July 20, 2010 ª2010 Elsevier Inphenotypes prevails in the sotisik and the null cul3mds1 or klhl103
double mutant spermatids. Testes from the homozygous double
mutants or the different heterozygous combinations of sibling
controls were stained to reveal cleaved effector caspase expres-
sion during spermatid individualization. As expected, double
heterozygous sibling controls exhibited normal caspase activa-
tion and spermatid individualization (Figures 4A and 4E), and flies
carrying both one homozygous and one heterozygous allelic
combinations displayed phenotypic characteristics of the single
homozygous counterparts (Figures 4B, 4F, 4C, and 4G). How-
ever, in the double homozygous mutants, caspase activation
and initiation of individualization were completely abolished.
Since these phenotypes are reminiscent of the Cullin-3-based
complex mutants, we conclude that Soti acts upstream of the
Cullin-3-based complex in spermatids (Figures 4D and 4H).
Next, we tested the idea that Soti may function to antagonize
the activity of this E3 complex and asked whether inactivation of
Soti can compensate, at least in part, for the loss of the Cullin-3
activity. For this, we took advantage of the availability of several
weak (hypomorphic) cullin-3 mutants, which fail to initiate indi-
vidualization but still exhibit a low level of caspase activation
(Arama et al., 2007). These mutants were used to test for genetic
interaction between soti and cullin-3, by generating double
mutant flies. As before, testes were stained to visualize the indi-
vidualizing spermatids, and the sibling controls exhibited the
expected phenotypes (Figures 4I and 4J). Interestingly, whereas
homozygous double mutants were still infertile, some highly
reduced translocating ICs were frequently detected (arrows in
Figure 4L). These ICs were never observed in cul3mds5 homozy-
gous mutants alone or combined with a single sotisik allele
(Figure 4K). These results indicate that in addition to their
physical interaction, Soti also antagonizes the activity of the
Cullin-3-based complex in spermatids.
Soti Acts as an Inhibitor of the Cullin-3-Based
Ubiquitin Ligase Complex
To test the idea that Soti is an inhibitor of the Cullin-3-based
complex, we turned to an in vivo transgenic system; the com-
pound eye of the adult Drosophila. The eye-specific GMR-GAL4
line was used to drive expression of the UAS-dependent trans-
genes. Whereas transgenic expression of the cytotoxically inert
green fluorescent protein (GFP) did not cause any gross eye
defect, a highly reduced eye size with disorganized ommatidial
array was induced following expression of a single copy of
a klhl10 transgene (Figures 4M and 4N). In contrast, no effect
on eye morphology was detected when a klhl10 transgene with
a point mutation in the Kelch domain was expressed (Figure 4O).
An identical mutation can abrogate effector caspase activation in
spermatids (Arama et al., 2007) and the interaction with Soti
(Figures 1A and 1B). Thus, transgenic Klhl10 exerts its activity
in a similar mode as that of endogenous Klhl10, albeit it may
engage different substrates. Significantly, transgenic expression
of a single copy of soti, which by itself did not cause any
abnormal morphology, completely suppressed the klhl10-
dependent eye phenotype, demonstrating that Soti is a potent
inhibitor of Klhl10 (Figures 4P and 4Q).
Further analysis of this eye system revealed that the effect of
transgenic klhl10 can be markedly enhanced by transgenic
expression of cul3Testis and that Soti can completely suppressc.
Figure 4. Soti Is an Inhibitor of the Cullin-3-Based Ubiquitin Ligase Complex
(A–L) Epistasis experiments between Soti and the components of the Cullin-3-Klhl10 complex. In these experiments, sotisik mutant flies were crossed to the
following fly lines: (A–D) a null allele of cul3Testis (cul3
mds1), (E–H) a strong loss-of-function mutation in klhl10 (klhl103), and (I–L) a hypomorphic allele of cul3Testis
(cul3mds5), which still displays some level of active effector caspase expression. Testes were stained as in Figure 2. Scale bars for (A–H) and (I–L), 100 mm.
(M–Q) Transgenesis experiments using the Drosophila adult compound eye. The UAS-dependent transgenes, indicated below each panel, were ectopically
expressed in the eye imaginal discs, using two copies of the GMR-GAL4. Representative eyes from newly eclosed females are shown.
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S3E0). This synergistic effect requires the assembly of an active
Cullin-3-based complex, as transgenic expression of a catalyti-
cally inactive cul3Testis failed to enhance the klhl10 phenotype
(Figures S3F–S3H). Finally, using mutant lines heterozygous for
either cul3Soma (cul3
gft06430) or cul3Testis (cul3
mds1), we demon-
strated that most, if not all, of the activity of the transgenic
Klhl10 in the eye depends on the presence of an endogenous
somatic Cullin-3 isoform (Figures S3I–S3M). Therefore, the
ability of Soti to inhibit the action of Klhl10 is exclusively related
to the function of Klhl10 in a complex with Cullin-3.
Soti and Active Caspases Display Opposing Gradients
Caspase activation at the onset of spermatid individualiza-
tion does not occur uniformly through spermatids. Instead, weDeveobserved a graded pattern of active caspase expression
descending from sperm heads (nuclear or proximal region) to
tail ends (distal region) of spermatids (Figures 5A and 5A0). In
theDrosophila testis, the developing spermatidal cysts are orga-
nized in a circular manner, such that younger cysts are found
along the circumference, while more developmentally advanced
cysts are located in the middle of the testis (see Figure 2 in
Tokuyasu et al., 1972). To determine whether graded activation
of caspases is a ‘‘normal’’ phenomenon, which accompanies
every spermatidal cyst at the onset of individualization, cross
sections of adult testes were stained to visualize active effector
caspases and polyglycylated tubulin, a posttranslational modifi-
cation which occurs on the spermatid tail axoneme at the onset
of individualization and persists in mature spermatozoa (Arama
et al., 2007; Rogowski et al., 2009). Indeed, early individualizinglopmental Cell 19, 160–173, July 20, 2010 ª2010 Elsevier Inc. 165
Figure 5. Opposing Gradients of Soti and Active
Effector Caspases in Spermatids
(A) A wild-type spermatid cyst at the onset of individualiza-
tion is stained as in Figure 2. The cyst is oriented with the
tail end down. Enlargement of the sperm head region
which contains the spermatids’ nuclei (blue) and the
recently assembled IC (red, white, or yellow) is shown in
the inset.
(A0) the image in (A) was ‘‘grayscaled’’ and ‘‘inverted’’ using
Photoshop to facilitate better visualization of the active
effector caspase gradient. Scale bar, 50 mm.
(B and B0) Cross sections of adult testes were stained with
anti-cleaved caspase-3 antibody (green) and the AXO49
antibody, which visualizes polyglycylation of axonemal
tubulin, a modification that occurs in parallel to caspase
activation (red). (B) is the green channel only of (B0). Scale
bar, 10 mm.
(C) Visualization of the Soti protein in spermatids using
anti-Soti antibody (green). ICs (red) and nuclei (blue) are
also visualized. The white or red arrows are pointing at
one early elongating spermatid cyst. The inset shows a
sotisik/ testis.
(C0) The image in (C) was modified as in (A0). Scale bars,
50 mm.
(D) The gradient of Soti (green) is detected in wild-type
elongating spermatids. Individualizing spermatids are
stained red for active effector caspases. Scale bar, 50 mm.
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more developmentally advanced individualizing spermatids
displayed higher levels of active caspases (yellow arrowheads
and arrows, respectively, in Figures 5B and 5B0). Cysts with
mature spermatozoa were free of active effector caspases, but
still displayed polyglycylation (white arrowhead in Figures 5B
and 5B0).
The finding that sotisik/ spermatids display progressive
defects during individualizationpromptedus to explore the spatial
distribution of Soti, and whether it has some implications on the
patternofcaspaseactivation.Strikingly, inspectionofSoti expres-
sion using the affinity-purified anti-Soti antibody on wild-type
testes revealed a specific gradient of the Soti protein in elongating
spermatids descending from the tail ends to the sperm heads, the
opposite direction as that of caspase activation (Figures 5C and
5C0; the inset in Figure 5C shows a lack of staining in the sotisik
mutant spermatids control). This gradient likely has a transcrip-
tional origin, as soti transcripts were detected at a very low level
in premeiotic primary spermatocytes, while in postmeiotic sper-
matids the signal of soti significantly intensified andwas restricted
to the distal (tail) ends of elongating spermatids, trailing away
proximally (asterisk and arrows, respectively, in Figures S4A and166 Developmental Cell 19, 160–173, July 20, 2010 ª2010 Elsevier Inc.S4B) (see also Barreau et al., 2008). Collectively,
these results strongly suggest that an inhibitory
gradient of Soti may promote the graded activa-
tion of caspases in the opposite direction.
The Klhl10-Cul3 Complex Can Target
Large dBruce Polypeptides and Is
Antagonized by Soti
Our genetic data indicate that Soti function
is required during the process of individualiza-tion. However, at the onset of individualization the level of Soti
protein already decreases sharply, such that Soti is no longer
detected when this process advances (note the absence of
Soti in individualizing spermatids marked by active effector cas-
pase staining and the presence of cystic bulges in Figure 5D).
Furthermore, the gradient of caspase activation is clearly
detected at the onset of individualization, a time when Soti level
rapidly decreases (the assembly of an ICmarks the onset of indi-
vidualization as shown in Figure 5A). These observations raise
the possibility that Soti-mediated inhibition of the Cullin-3-based
complex may promote proper distribution of yet another (cas-
pase) inhibitor, which may persist throughout the process of
individualization.
The best-characterized family of endogenous caspase inhibi-
tors are the inhibitor of apoptosis (IAP) proteins (Goyal, 2001;
Bergmann et al., 2003). Several lines of evidence suggest that
the giant member of this family Bruce/Apollon (Bartke et al.,
2004; Hao et al., 2004) is at least one of the substrates for the
Cullin-3-basedcomplex in spermatids.Mostnotably, inactivation
ofDrosophilaBruce (dBruce) causes male sterility due to individ-
ualization defects reminiscent of sotimutants (Arama et al., 2003)
(see also Figures S5A–S5C). Moreover, truncated forms of
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can bind to the substrate recruitment protein Klhl10 inDrosophila
S2 cells (Figure 6A; Figure S1A) (see also Arama et al., 2007).
To investigate whether the Cullin-3-based complex can target
dBruce, ubiquitination assays were performed in S2 cells. Due to
its large size, a full-length cDNA clone of dbruce is unavailable,
and we thus used two truncated forms of dBruce polypeptides
(Figure 6A). Both the smaller (‘‘BIR’’, 387 aa) and the larger
(‘‘mini-gene’’, 2068 aa) dBrucepolypeptideswerehighly unstable
following transfection due to background ubiquitination, but
some stability was achieved upon incubation with the protea-
some inhibitor MG132 (Figure 6B, lanes 3 and 2, and Figure 6C,
lanes 2 and 3, respectively). In the presence of MG132, cotrans-
fectionwithKlhl10aloneor togetherwithother componentsof the
Cullin-3-based complex (Cul3Testis and Roc1a) further destabi-
lized the dBruce mini-gene over the level with MG132, but not
the dBruce BIR polypeptide (Figure 6B, lanes 4 and 5 in the
‘‘IP’’, and Figure 6C, lanes 4 and 6 in both the ‘‘’Input’’ and ‘‘IP’’,
respectively). Significantly, both polypeptides were highly stabi-
lized when in addition to the components of the Cullin-3-based
complex, cells were also cotransfected with Soti, indicating that
Soti strongly antagonizes Klhl10-Cullin-3-mediated regulation
of dBruce (Figure6B, lane6, andFigure6C, lanes5and7, respec-
tively). It is noteworthy that cotransfection of catalytically inactive
Klhl10 and Cullin-3 mutants also resulted in marked stabilization
of the dBruce BIR polypeptide, indicating the higher affinity of
this polypeptide to the inactive complex, as opposed to its
more transient interaction with the active complex (Figure 6B,
lanes 7 and 8). This is consistent with the notion that dBruce
BIR polypeptide is also targeted by the Cullin-3-based complex.
In conclusion, the Cullin-3-based complex has the potential to
target dBruce and this activity is strongly antagonized by Soti.
The interaction of the dBruce mini-gene with Klhl10 was also
demonstrated in the Drosophila eye system. Transgenic expres-
sion of dBruce mini-gene suppressed the rough and small
eye phenotype induced by transgenic expression of the pro-
apoptotic gene reaper (rpr) (Figures S3N and S3O). In con-
trast, similar expression of the dBruce mini-gene dramatically
enhanced the small eye phenotype caused by transgenic
expression of Klhl10 (Figures S3P–S3S). These results indirectly
suggest that in this system, the Cul3-Klhl10 complex does not
target the dBruce mini-gene for degradation, but rather leads
to an unknown change in the status of this polypeptide, which
in turn causes further stress to the cells in the eye.
Soti and the Giant IAP-Like Protein dBruce Compete
for Binding to Klhl10
Since Soti inhibits the Klhl10-Cul3 complex activity by binding
to Klhl10, we hypothesized that Soti and dBruce may compete
for binding to Klhl10. Indeed, cotransfection of dBruce BIR
resulted in 3.5-fold decrease in the level of Soti found in Klhl10
immunoprecipitates, suggesting that some competition may
exist (Figure S1A, lanes 3 and 4 in the IP and the quantification
in the graph). However, we could also detect the formation of a
Soti-Klhl10-dBruce BIR tertiary complex in Soti immunoprecipi-
tates, suggesting that dBruce BIR is not an efficient competitor
of Soti (Figure 6D). To examine whether this partial competition
effect is due to the relatively small size of dBruce BIR, we
repeated the co-IP experiment, but in this case used the fiveDevetimes larger dBruce mini-gene polypeptide. Indeed, no dBruce
mini-gene could be coprecipitated with Soti in the presence of
Klhl10 (Figure 6E). We conclude that dBruce can compete with
Soti for binding to Klhl10.
Our data do not support the idea that neddylation of Cullin-3
may trigger the switch from Soti-bound to dBruce-bound
Klhl10-Cul3 complex, since Soti can also interact with the
nonneddylated form (Figure S1B, lane 4, lower band), as well
as a catalytically inactive Cullin-3 mutant which lacks the CHD
domain that also includes the conserved neddylatable lysine
residue (Figure S1B, lane 5).
dBruce Is Distributed in a Gradient
of the Same Direction as that of Soti
To examine whether the spatial distribution of the dBruce
protein may also have implications on the distribution of active
caspases, wild-type testis preparations were stained with
anti-dBruce antibody (for antibody properties, see Figure S5F–
S5M and Experimental Procedures). Importantly, dBruce is
distributed in a gradient of the same direction as that of Soti in
spermatids (Figure 7A). Triple staining for dBruce, Soti, and
polyglycylated tubulin revealed that in early, mid, and advanced
spermatid elongation stages, only the gradient of Soti is visible
(developmental stages i and ii, which are also indicated by white
arrowheads in Figure 7A, and correspond to the diagram in
Figure 7B). dBruce protein starts to accumulate in tail ends prior
to the onset of individualization, at a time when the signal of the
gradient of Soti is declining (stage iii in Figure 7B; yellow arrow-
heads in Figures S5D and S5E). Immediately prior to individual-
ization, the signal of dBruce intensifies, while Soti is almost
completely absent (late stage iii indicated by yellow arrows in
Figure 7A and the scheme in 7B). The dBruce gradient then
persists throughout individualization (stage iv; note the presence
of dBruce [white arrows]- within spermatids with polyglycylated
axonemal tubulin in Figures 7A and 7B). Eventually, when the
individualization process terminates, dBruce is removed from
spermatids into the waste bag (stage v; a yellow arrowhead in
Figure 7A and the scheme in Figure 7B; the waste bag is marked
by an asterisk).
Cullin-3, Klhl10, and Soti Are Required for Proper
Distribution of dBruce in Individualizing Spermatids
As opposed to the gradient of Soti, the basis for dBruce distribu-
tion is not transcriptional, as determined by RNA in situ hybrid-
ization analysis (Figures S4D and S4E). We therefore asked
whether the protein distribution of dBruce requires the function
of the Cullin-3-based complex. For this, testes from cullin-3
and klhl10 homozygous mutants were stained with the anti-
dBruce antibody. No dBruce gradient was detected in elongated
spermatids from these mutants (compare Figure 7C with Figures
7D and 7E). Instead, a very weak signal of dBruce was detected
in tail ends and most of the protein was more uniformly distrib-
uted throughout elongated spermatids (Figures 7D and 7E).
To control for a possible indirect effect of the cullin-3 and
klhl10 mutants on spermatid individualization process, we also
stained testes from flies with a mutation in the unconventional
myosin VI (jar1), which is required for proper individualization
process (Hicks et al., 1999). The dBruce gradient was readily
detected in these mutant spermatids, indicating that dBrucelopmental Cell 19, 160–173, July 20, 2010 ª2010 Elsevier Inc. 167
Figure 6. Biochemical Interactions among the Klhl10-Cul3 Complex, dBruce, and Soti
(A) Schematic representations of the full-length dBruce protein and the dBruce derivatives (mini-gene and BIR) used in this study. The relative locations of the BIR
and UBC domains are depicted by vertical rectangles. The sizes of the different diagrams are to scale and indicated at the right side of each scheme. The dBruce
mini-gene consists of the first N-terminal 1622 aa, including the BIR domain, and the last C-terminal 446 aa that contain the UBC domain. The dBruce BIR poly-
peptide contains the first N-terminal 387 aa of dBruce that include the BIR domain region (amino acids 251–321).
(B) Ubiquitination experiment in S2 cells using the dBruce BIR polypeptide. Cells were cotransfected with HA-tagged dBruce BIR polypeptide and one or more of
the following: Klhl10, Klhl10G496R (an inactive Klhl10 mutant which was originally identified in a genetic screen for mutants that failed to activate caspases in sper-
matids; Arama et al., 2007), Cul3Testis, Cul3Testis
[-CHD] (a catalytically inactive Cul3Testis which lacks the C-terminal cullin-homology-domain [CHD]), and Soti. In
addition, cells were also cotransfectedwith CD8-GFP (loading and transfection efficiency control) and at 40 hr posttransfection the indicated cells were incubated
with the proteasome inhibitor MG132 for 6 hr. Cells were lysed under denaturing conditions and ubiquitinated dBruce BIR polypeptides were isolatedwith anti-HA
beads. The presence of dBruce BIR and its ubiquitinated forms was identified by immunoblotting with the anti-HA Ab.
(C) Ubiquitination experiment in S2 cells using the dBruce mini-gene polypeptide. Cells were cotransfected with HA-tagged dBruce mini-gene polypeptide and
one or more of the following: Klhl10, Cul3Testis, Roc1a, and Soti. All cells were also cotransfected with Flag-tagged Drosophila ubiquitin and CD8-GFP for trans-
fection control and treated as in (B). The presence of dBruce mini-gene or its ubiquitinated forms was identified by immunoblotting with the anti-HA or anti-Flag
Abs, respectively.
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Figure 7. dBruce Is Distributed in a Gradient that
Requires Functional Cullin-3, Klhl10, and Soti
(A) Wild-type spermatid cysts stained to visualize dBruce
(red), Soti (green), and polyglycylated axonemal tubulin
(blue), a marker for the individualization stage.
(B) Schematic representation of the different develop-
mental stages and stainings of the spermatid cysts that
are indicated in (A). In (A) and (B), the roman numerals
depict different developmental stages and are accompa-
nied by different arrows or arrowheads in (A). The asterisk
marks a waste bag. Scale bar, 100 mm.
(C–H) Testes from wild-type (wt) and the indicated mutant
flies were stained to visualize dBruce (green). ICs are in
red. Scale bars, 100 mm.
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ualization (Figure 7H). We then investigated whether the function
of Soti as an inhibitor of the Cullin-3-based complex is linked to
the proper distribution of dBruce in spermatids. In soti mutants,
dBruce protein was remarkablymore concentrated at tail ends of
spermatids than in wild-type (compare Figure 7F with Figure 7G).
Since this effect is essentially opposite to that of the mutants for
the Cullin-3-based complex, we conclude that the balanced
actions of Soti and the Cullin-3-based complex are essential
for the proper redistribution of dBruce in spermatids.
DISCUSSION
An Integrated Model for the Function of the Ubiquitin
Pathway during Late Spermatogenesis
The current study provides insight into how some cells can utilize
active caspases to promote vital cellular processes but still avoid(D and E) Co-IP assays with Soti and either the dBruce BIR polypeptide or mini-gene in the presenc
EGFP-tagged Soti (or EGFP alone as control), Myc-tagged Klhl10, and either an HA-tagged dBruc
(E). The EGFP immunoprecipitates (IP) and the corresponding preincubated lysates (Input) were anal
Developmental Cell 19unwanted death. According to this model (Fig-
ure 8), during early and advanced spermatid
developmental stages, a gradient of Soti is
generated, allowing graded activation of the
Cullin-3-based E3 ubiquitin ligase complex in
the opposite direction. This E3 complex then
targets dBruce, promoting its distribution in
a similar gradient as that of Soti. Subsequently,
caspase activation occurs in a complementary
gradient descending from proximal to distal.
Since the removal of the cytoplasm and cas-
pases also occurs in the direction of proximal
to distal, the regions of the developing spermatid
that are the last to individualize are also those
that are the most protected against activated
caspases. This setting ensures that each sper-
matidal domain encounters similar transient
levels of activated caspases throughout the
process of individualization.
The gradual regulation of caspase activity
in spermatids is attributed to the outstandinglength of Drosophila spermatids (a phenomenon called
sperm gigantism). Spermatozoa of Drosophila melanogaster
are about 1.9 mm long and other Drosophilids can produce
sperm up to 58 mm long (Pitnick et al., 1995). Spermatids in
D. melanogaster individualize over the course of 12 hr through
a constant rate of proximal-to-distal individualization complex
movement and clearance of the cytoplasmic content (including
the active caspases) into a cystic bulge (Noguchi and Miller,
2003). Since it takes a few hours for the active effector cas-
pases to kill a cell (Morgan and Thorburn, 2001), spermatids
had to develop an efficient mechanism to prevent prolonged
exposure of the more distal cellular regions to caspase activity.
A gradient of a caspase inhibitor, descending from distal to
proximal, is therefore an elegant mechanism to ensure a
level of caspase activity that is sufficient to drive spermatid
differentiation, yet not high enough to engage an apoptotic
program.e or absence of Klhl10. S2 cells were cotransfected with
e BIR polypeptide (D) or a nontagged dBruce mini-gene
yzed by immunoblotting (IB) with the indicated antibodies.
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Figure 8. A Model of Spatial Restriction of Cas-
pase Activation
(A) Diagrams of the relative gradients of Soti (purple),
dBruce (red), and active effector caspase (green; Casp. 3)
in spermatids. The temporal expression patterns are
depicted by roman numerals, which correspond to the
different developmental stages in Figure 7B.
(B) The inactive and active states of the Cullin-3-based
ubiquitin ligase complex coexist in the same individual-
izing spermatid due to the graded expression of its inhib-
itor Soti. Just prior to the onset of individualization, dBruce
begins to accumulate, binds to the Cullin-3-Klhl10 com-
plex, from which Soti is displaced and subsequently
degraded by a noncanonical pathway. dBruce ubiquitina-
tion contributes to the formation of an appropriate
gradient at the onset of individualization. Caspases are
then activated in a complementary gradient.
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Its Graded Distribution?
Ubiquitination may target dBruce for either degradation or active
redistribution. Because of technical limitations of the in vivo
system, our biochemical analyses were performed in a heterolo-
gous system using truncated dBruce versions, and thus, we
cannot completely rule out the possibility that at least some
of the ubiquitinated dBruce is degraded by the proteasome.
However, our genetic data support a model where dBruce may
be redistributed by an active translocationmechanism, as hyper-
activation of the Cullin-3-based complex, following Soti inactiva-
tion, leads to accumulation of dBruce at tail ends of spermatids
and not to its elimination. This idea is also indirectly supported
from the experiment in the eye system, showing that transgenic
expression of the dBruce mini-gene enhanced the small eye
phenotype caused by expression of Klhl10, suggesting that the
Cullin-3-based complex does not target the dBruce mini-gene
for degradation in this system. Consistent with this notion,
accumulating evidence indicates that the ubiquitin ‘‘code’’ on
target proteins can be read by a large number of ubiquitin-
binding proteins, which translate the ubiquitin code to specific
cellular outputs, such as protein redistribution (for review, see
Hurley et al., 2006; Chen and Sun, 2009). Interestingly, a recent
report suggests that Cullin-3-based polyubiquitination of cas-
pase-8 promotes its aggregation, which subsequently leads to
processing and full activation of this protease (Jin et al., 2009).
Furthermore, another Cullin-3-based ubiquitin ligase complex
was shown to regulate the dynamic localization of the Aurora B
kinase onmitotic chromosomes (Sumara et al., 2007). Therefore,
Cullin-3-based ubiquitin ligase complexes appear to pro-
mote also nondegradative ubiquitination and redistribution of
proteins.
Soti Behaves as a Pseudosubstrate Inhibitor
of the Cullin-3-Based E3 Ubiquitin ligase Complex
Cullin-RING ubiquitin ligases (CRLs) bind to substrates via
adaptor proteins (Willems et al., 2004; Cardozo and Pagano,
2004; Petroski and Deshaies, 2005). However, adaptor proteins
can also bind to pseudosubstrate inhibitors in a manner which is
reminiscent of an E3-substrate-type interaction (Davis et al.,170 Developmental Cell 19, 160–173, July 20, 2010 ª2010 Elsevier In2002; Miller et al., 2006; Burton and Solomon, 2007; Malureanu
et al., 2009). Several lines of evidence strongly suggest that Soti
is a pseudosubstrate inhibitor of the Cullin-3-based E3 ubiquitin
ligase complex in spermatids. First, the interaction between
Klhl10 and Soti is an E3-substrate-type interaction. Second,
Soti is not a substrate for this E3 complex. Third, dBruce
polypeptides can outcompete with Soti for binding to Klhl10.
Finally, Soti is a potent inhibitor of this E3 complex. Therefore,
the mechanism of regulation by pseudosubstrates may repre-
sent a more common mechanism for modulation of CRL activity
than has been previously appreciated.
Soti Is Degraded by a Noncanonical Degradation
Pathway
Two alternative protein degradation pathways were recently
described: N-terminal ubiquitination (NTU) and degradation
‘‘by default.’’ Whereas the former promotes degradation of
proteins by ubiquitination at N-terminal residues, the latter
targets proteins for degradation by a ubiquitin-independent,
20S proteasome-dependent mechanism (Ciechanover, 2005;
Asher et al., 2006). Although our results cannot conclusively
distinguish between these two pathways, two notable mecha-
nistic traits of degradation ‘‘by default’’ can be also attributed
to Soti, including the targeting of intrinsically disordered proteins
and their protection by binding to other proteins (‘‘nannies’’)
(Tsvetkov et al., 2009). Using the FoldIndex tool (see also in the
Experimental Procedures), Soti was predicted to be intrinsically
disordered, while it is stabilized by attachment of a structured
Myc-tag to its N terminus. Furthermore, Soti is highly unstable
in the absence of its binding partner Klhl10, suggesting that
Klhl10 functions as a ‘‘nanny’’ for its own inhibitor.
In conclusion, we have uncovered a mechanism that restricts
caspase activation during the vital process of spermatid individ-
ualization. This process appears to be conserved both anatom-
ically and molecularly from Drosophila to mammals (reviewed in
detail in Feinstein-Rotkopf and Arama, 2009). Moreover, several
recent studies suggest that a similar Klhl10-Cul3 complex is
essential for late spermatogenesis in mammals (Yan et al.,
2004; Wang et al., 2006; Yatsenko et al., 2006). Therefore,
although the mammalian sperm is about 30 times shorter thanc.
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regulation of caspase activation may also exist during mamma-
lian spermatogenesis. Further studies of the link between the
ubiquitin pathway and apoptotic proteins during sperm differen-
tiation inDrosophilamay, therefore, provide new insights into the
etiology of some forms of human infertility.EXPERIMENTAL PROCEDURES
Fly Strains and Expression Vectors
yw flies were used as wild-type controls. The DF(3R)Exel6267 line was
obtained from the Bloomington Stock Center. The cul3mds1, cul3mds5, cul3gft2,
cul3gft06430, klhl103, and klhl104 mutants are described in (Arama et al., 2007).
The jar1 mutant is described in (Hicks et al., 1999).
The sotisik mutant line was generated by an imprecise excision of the
P{XP}d01837 insertion, using the transposase-producing D2-3 ‘jumpstart’
strain, essentially as described in Torok et al. (1993). One out of 68 indepen-
dent imprecisely excision lines contained a 1393 bp deletion at the soti locus.
Generation of all the constructs and transgenes that are mentioned in this
study are described in detail in the Supplemental Information.Yeast-Two-Hybrid Screen
The two-hybrid screen was performed using S. cerevisiae strain AH109 and
an adult Drosophila cDNA library (Matchmaker, Clontech). Selection was
done on synthetic complete medium lacking tryptophan, leucine, histidine,
and adenine for 4 days at 30C. The Klhl10 ‘‘bait’’ construct contains a frag-
ment of klhl10 ORF that lacks the BTB domain (amino acids 188–767). Simi-
larly, baits with mutated forms of Klhl10, designated S480F, G496R, and
E601K were generated and which correspond to the klhl10 mutant alleles
klhl106, klhl105, and klhl102, respectively (Arama et al., 2007). More details
are found in the Supplemental Information.Immunofluorescence Staining and Antibodies
Whole-mount immunofluorescence staining of young (0–2 day old) adult testes
was carried out as described in (Arama et al., 2007). The antibodies used are
rabbit polyclonal anti-cleaved Caspase-3 (Asp175, Cell Signaling Technology;
1:75), mouse monoclonal AXO 49 (a gift from Marie-Helene Bre, University of
Paris-Sud, France; 1:5000), mousemonoclonal anti-c-Myc (clone 9E10; Santa
Cruz Biotechnology; 1:50), guinea pig polyclonal affinity-purified anti-Soti
(1:100), and rabbit polyclonal dBruce anti-serum (B710; 1:500). The last
two antibodies were generated in this study (see details in Supplemental
Information).
For immunohistochemistry of testis sections, see details in Supplemental
Information.Western Blotting and IP Experiments in S2 Cells
Testis protein extracts were prepared from 60–80 adult testes as described in
(Arama et al., 2007).
S2 cells were grown in standard Schneider’s DrosophilaMedium (Biological
Industries, Israel) supplemented with 10% FBS (GIBCO). Cells (4.5–53106 per
50 ml flask) were transfected using the Escort IV reagent (Sigma-Aldrich)
according to themanufacturer’s instructions. Cells were lysed 48 hr posttrans-
fection in NP-40 buffer (10 mM HEPES [pH 7.4], 1 mM MgCl2, 100 mM NaCl,
1% Igepal CA-360, and a protease inhibitor mix). Extracts were incubated ON
at 4C with Dynabeads either conjugated to Protein G (Dynal, Invitrogen),
bound to rabbit polyclonal anti-GFP antibody (ab290, Abcam), or conjugated
to Sheep anti-Rabbit IgG (Dynal, Invitrogen). The beads were washed, and
bound proteins were eluted by boiling in SDS-PAGE loading buffer and
subjected to western blotting. The following antibodies were used for immuno-
blotting: guinea pig anti-Soti antibody (this study; 1:1000), mouse anti-c-Myc
(clone 9E10; Santa Cruz Biotechnology; 1:1000), mouse anti-Drosophila
b-tubulin (clone E7 s, Hybridoma Bank; 1:000), mouse anti-GFP (clones 7.1
and 13.1; Roche Applied Science; 1:1000), mouse anti-HA (HA.11 clone
16B12, Covance; 1:1000), rat anti-dBruce [Arama et al., 2007]; 1:1000), and
mouse anti-CUL-3 (BD Transduction Laboratories; 1:1000).DeveUbiquitination Assay
S2 cells at 40 hr after transfection were treated with 50 mM MG132 (Sigma-
Aldrich) for additional 4–6 hr. Cells were then harvested and lysed by boiling
for 10 min in SDS buffer (2% SDS, 20 mM EDTA, 50 mM Tris [pH 8.0],
20 mM DTT, 500 mM NEM, and a mix of protease inhibitors). The lysates
were sonicated, diluted 1/10 in TNN buffer (50 mM Tris [pH 7.5], 120 mM
NaCl, 5 mM EDTA, 0.5% Igepal, 1 mM DTT, and a protease inhibitor mix),
and centrifuged. The supernatants were immunoprecipitated using mouse
anti-HA-conjugated agarose (clone HA-7, Sigma-Aldrich) ON at 4C. After
three washes with TNN buffer, bound proteins were eluted by boiling in
SDS-PAGE loading buffer and subjected to western blotting by using mouse
anti-FLAG Ab (clone M2, Sigma-Aldrich; 1:1000) or rabbit anti-HA Ab
(Sigma-Aldrich; 1:1000).Eye Images
Heads of young females (0–2 day old) were disconnected from the body using
a scalpel and cut again on a slide to separate the two eyes. Images were
obtained using a stereo microscope (MZ16F; Leica) connected to a DS-Fi1
camera (Nikon).Prediction of Intrinsically Unfolded Proteins
FoldIndex: a simple tool to predict whether a given protein sequence is
intrinsically unfolded. http://bioportal.weizmann.ac.il/fldbin/findex.SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures
and five figures and can be found online at doi:10.1016/j.devcel.2010.06.009.ACKNOWLEDGMENTS
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